Hepatitis C virus (HCV) is a major cause of chronic hepatitis worldwide, but the study of HCV infection has been hampered by the lack of an in vitro or in vivo small animal model. The tree shrew Tupaia belangeri is susceptible to infection with a variety of human viruses in vivo, including hepatitis viruses. We show that primary Tupaia hepatocytes can be infected with serum-or plasma-derived HCV from infected humans, as measured by de novo synthesis of HCV RNA, analysis of viral quasispecies evolution, and detection of viral proteins. Production of infectious virus could be demonstrated by passage to naive hepatocytes. To assess whether viral entry in Tupaia hepatocytes was dependent on the recently isolated HCV E2 binding protein CD81, we identified and characterized Tupaia CD81. Sequence analysis of cloned Tupaia cDNA revealed a high degree of homology between Tupaia and human CD81 large extracellular loops (LEL). Cellular binding of E2 and HCV infection could not be inhibited by anti-CD81 antibodies or soluble CD81-LEL, suggesting that viral entry can occur through receptors other than CD81. Thus, primary Tupaia hepatocytes provide a potential model for the study of HCV infection of hepatocytes.
Introduction
Hepatitis C virus (HCV) is a major cause of posttransfusion and community-acquired hepatitis in the world (1) (2) (3) (4) . The majority of HCV-infected individuals develop chronic hepatitis that may progress to liver cirrhosis and hepatocellular carcinoma (5) . Treatment options for chronic HCV infection are limited, and no vaccine to prevent HCV infection is available (3) .
HCV has been tentatively classified in a separate genus (Hepaci virus) of the Flaviviridae family (6) (7) (8) . The virion contains a positive-strand RNA genome of approximately 9.5 kb. The genome consists of a highly conserved 5′ untranslated region (UTR), followed by a long open reading frame of 9,030 to 9,099 nucleotides that is translated into a single polyprotein of 3,010 to 3,030 amino acids (6) (7) (8) . The polyprotein is posttranslationally processed by host and viral proteases. The HCV structural proteins comprise the putative nucleocapsid or core protein and the two envelope glycoproteins E1 and E2 (6) (7) (8) . E2 has been shown to interact with CD81 (9, 10) , a member of the tetraspanin family (11) . CD81 has been suggested as an HCV receptor candidate (10) .
Viral replication occurs via a negative-strand RNA intermediate, and is dependent on the viral nonstructural proteins, including the RNA-dependent RNA polymerase NS5B (6, 12) . In vivo analysis of viral replication and protein expression in blood and liver from infected individuals requires the use of highly sensitive detection methods, such as strand-specific RT-PCR for viral RNA, and immunofluorescence for viral proteins (6, 8) .
Although a detailed analysis of the viral genetic organization has led to the identification of various elements, the study of HCV infection has been hampered by the inability to propagate the virus efficiently in vitro and by the limited animal tropism of the virus. The chimpanzee (Pan troglodytes) is the only nonhuman host serving as a model for HCV infection (13) (14) (15) . Since the availability of these animals is limited, the development of new model systems is pivotal for the analysis of HCV infection. The tree shrew Tupaia belangeri a species closely related to primates (16) , has been shown to be susceptible to a variety of human viruses, including herpes simplex, hepatitis B (HBV), and rotavirus (17) (18) (19) (20) (21) . Recent studies have demonstrated that primary Tupaia hepatocytes can be HCV-positive sera and infection of hepatocytes. For infection of primary Tupaia hepatocytes, serum samples containing high-titer HCV RNA were obtained from patients with acute and chronic hepatitis C being followed at the Department of Medicine II, University of Freiburg, Germany. Plasma sample H77 7-12-77 (dilution 10 -1 ; described in refs. 13, 15, 30) was a generous gift of R. Purcell. Serum ES-2 was a generous gift of R.S. Ross and M. Roggendorf (Institute for Virology, University of Essen, Germany). Chronic hepatitis C was diagnosed by detection of anti-HCV antibodies (HCV EIA 3.0 RIBA HCV 3.0 SIA; Chiron Corp.), HCV RNA (Amplicor HCV Monitor; Roche Diagnostic Corp., Raritan, New Jersey, USA) and persistently elevated transaminases. HCV RNA was quantitated using Amplicor HCV Monitor (Roche Diagnostic Corp.). HCV genotyping was performed using INNO-LiPA HCV II (Innogenetics Corp., Gent, Belgium). Coinfection with HBV and HIV was excluded by serology. Anti-HCV antibody profile was determined by ELISA (as described in ref. 26 ) using insect cell-derived HCV-like particles (HCV-LPs, 1 µg/assay) (25, 26) recombinant core (50 ng/assay; G. Baccala, Biomerieux Inc.), E2 (50 ng/assay; M. Houghton, Chiron Corp.), and NS3 proteins (50 ng/assay; Mikrogen GmbH, Munich, Germany) as capture antigens. Anti-HCV immunoreactivity was determined by endpoint titration (26) , using a serum panel (n = 10) from anti-HCV-negative healthy volunteers as control. Statistical analyses were performed using the Student t test. All serum samples were aliquoted and stored at -80°C until use.
Hepatocytes were infected with HCV on days 1-5 after hepatocyte plating, by incubation for 6-16 hours with 0.5-50 µl of freshly thawed serum in 1 ml Biocoat medium per well. At various timepoints after infection, hepatocytes and medium were collected and processed as described below. For virus passage medium of six wells of HCV-infected hepatocytes was pooled, concentrated by low-speed centrifugation using Millipore Ultrafree spin columns (Millipore Corp., Bedford, Massachusetts, USA), and added to freshly prepared hepatocytes 1 day after plating.
Analysis of HCV RNA by strand-specific RT-PCR. At various timepoints after infection, cell culture medium was collected. The cells were washed three times with PBS. Total RNA from cells and medium was isolated using RNeasy from QIAGEN GmbH, Hilden, Germany; and the ULTRASPEC RNA Isolation System from BIOTECX Laboratories Inc., Houston, Texas, USA. Positive-and negative-strand HCV RNA was then analyzed using 1 µl of 50 µl of total RNA by strand-specific RT-PCR using rTth polymerase (31) and two different sets of 5′ UTR-specific primers (31, 32) . For the synthesis of control HCV positive-and negative-strand RNA, pCVH77C and pGEMT-H77UTRC were linearized by digestion with XbaI (15) or SpeI, respectively. In vitro transcription and purification of HCV RNA from linearized gel-purified cDNAs (10 µg) was performed as described (15) . The absence of residual cDNA template was confirmed by PCR using HCV-specific primers. Quantitation of HCV RNA was performed using the Amplicor HCV Monitor system (Roche Diagnostic Corp.). Ethidium bromide staining of 18S and 28S RNAs after agarose gel electrophoresis, and quantitation of β-actin mRNA were used to assess the quality of purified RNA from Tupaia hepatocytes. Tupaia β-actin mRNA was analyzed by RT-PCR of cellular RNA. Reverse transcription of mRNA was performed using M-MLV reverse transcriptase (Life Technologies Inc., Gaithersburg, Maryland, USA) and random primers (Promega Corp.) according to the manufacturers' protocols. cDNA amplification was performed using Taq polymerase (Boehringer Mannheim Biochemicals Inc.) and human β-actin-specific primers (nt's 68-87 and nt's 843-821 according to GenBank accession no. AB004047; sense primer: 5′-GGCTTCGC-GGGCGACGATGC-3′; antisense primer: 5′-GTAGTTTC-ATGGATGCCACAGGA-3′). Each round of PCR (25 cycles) consisted of denaturation at 94°C for 45 seconds (in first cycle 4 minutes), annealing at 65°C for 30 seconds, and elongation at 72°C for 45 seconds (in last cycle 7 minutes). Amplified products were analyzed by agarose gel electrophoresis, and the identity of the PCR product was confirmed by Southern blot analysis using a 32 P-labeled human β-actin-specific cDNA probe. To avoid false-positive RT-PCR results, the procedures suggested by Kwok and Higuchi (33) were followed. Mockinfected hepatocytes served as negative controls in all experiments. For sequence analysis of HCV hypervariable region-1 (HVR-1), HCV RNA purified from inoculum H77 07-12-77 or from infected Tupaia hepatocytes (harvested on day 5 after infection) was amplified by reverse transcription and nested PCR using H77C-HVR-1-specific primers: inner sense primer 5′-GCCATATAAGGCGT-CATCGCATGGC-3′ (HCV nt's 1273-1297 according to GenBank accession no. AF011751); inner antisense primer 5′-GGTGTTAAGGCTTTCATTGCAATT-3′ (nt's 1646-1623); outer sense primer: 5′-GCATGGGATATGAT-GATGAACTGGTC-3′ (nt's 1296-1321); and outer antisense primer 5′-TCTCAGGACAGCCTGAAGAGTTGAA-3′ (nt's 1704-1680) as described recently (34) . RT-PCR products were gel purified and ligated into pCR2.1 vector using the TA cloning kit from Invitrogen BV (Groningen, The Netherlands). Clones were analyzed by cycle sequencing using a 377 DNA sequencer (Perkin-Elmer Life Sciences, Weiterstadt, Germany). Sequences were aligned using MegAlign software (DNAStar Inc., Madison, Wisconsin, USA), and compared with H77C consensus sequence (GenBank accession no. AF011751).
Detection of HCV-encapsidated RNA. On day 5 after infection, medium was harvested, and hepatocytes were lysed and homogenized in a buffer containing 50 mM TrisHCl, 50 mM NaCl, and 0.1% NP-40, pH 7.5 (24) . Lysates were cleared from nuclei and cellular debris by lowspeed centrifugation (15 minutes at 4°C and 10,000 g). The supernatants were layered on 30% (wt/vol) sucrose (in 20 mM Tris-HCl and 150 mM NaCl, pH 7.4) and centrifuged for 4 hours at 4°C and 150,000 g. Pelleted HCV particles were digested with 24 µg/ml Staphylococcus aureus nuclease (Boehringer Mannheim Biochemicals Inc.) and 50 µg/ml of RNase A (QIAGEN GmbH) in 20 mM Tris-HCl, 2 mM NaCl, and 5 mM CaCl 2 (pH 8.8) for 2 hours at 37°C to eliminate any nonincorporated nucleic acids (24, 28, 35) . Particle-associated RNA was isolated using an ULTRASPEC RNA Isolation System; (BIOTECX Laboratories Inc.), and subjected to HCVspecific RT-PCR as described above.
Immunofluorescence analyses of HCV protein expression. At various timepoints after infection, cells were fixed with a 1:1 mixture of methanol/acetone (vol/vol) and incubated for 1 hour with serum from a panel of HCV-infected individuals containing high-titer anti-HCV antibody (dilution 1:100 in PBS with 1% BSA) or serum from an anti-HCV-negative individual (dilution 1:100 in PBS with 1% BSA), followed by a 1-hour incubation with Cy3-conjugated anti-human secondary antibody (Jackson ImmunoResearch Laboratories Inc., West Grove, Pennsylvania, USA; dilution 1:250 in PBS with 1% BSA). Between steps, plates were washed five times with PBS. Prior to analysis by immunofluorescence assay, all human sera were preabsorbed twice by a 3 hour incubation on methanol/acetone-fixed uninfected primary Tupaia hepatocytes to remove nonspecific antibodies (25) . Preabsorbed sera of noninfected individuals and noninfected Tupaia hepatocytes were used as negative controls in all experiments. To assess specificity and sensitivity of viral protein analysis, primary Tupaia hepatocytes were transfected with the cDNA plasmid pCDHCV.S1b, a control plasmid (pCDNA3; Invitrogen Corp.), and a plasmid expressing the green fluorescent protein (pEGFP-N1; CLONTECH Laboratories Inc.). Tupaia hepatocytes in six-well plates were transfected with pEGFP-N1 and 1 µg plasmid DNA (pCDHCV.S1b or pCDNA3, at a 5:1 ratio) using Lipofectamine Plus (Life Technologies Inc.) in a 3-hour incubation. HCV protein expression was analyzed as described above. GFP expression was analyzed using a rabbit anti-GFP antibody (CLONTECH Laboratories Inc.; dilution 1:100 in PBS with 1% BSA) and an FITC-conjugated anti-rabbit secondary antibody (Jackson ImmunoResearch Laboratories Inc.; dilution 1:500 in PBS with 1% BSA).
The anti-HCV serum panel has been described in detail in immunofluorescence and immunogold affinity labeling studies of HCV structural proteins expressed in insect cells (24, 25) . Anti-HCV antibody immunoreactivity of the anti-HCV serum panel was neutralized by coincubation of diluted serum with HCV recombinant proteins at a final concentration of 20 µg/ml prior to use in immunofluorescence. HCV proteins included core, E1, and E2, expressed as HCV-LPs (24-26); recombinant core protein (G. Baccala, Biomerieux Inc.); recombinant E2 (M. Houghton, Chiron Corp.); and purified recombinant nonstructural proteins NS3, NS4, and NS5 (NS3, Mikrogen GmbH and Biomerieux Inc.; NS4 and NS5, Mikrogen GmbH).
Analysis of Tupaia CD81. Tupaia CD81 cDNA was cloned using human CD81-specific primers covering the large extracellular loop (LEL) domain (nt's 575-591 and nt's 841-821 according to GenBank accession no. M33680; sense primer: 5′-GAATTCCACCATGTTTGTCAACAAGGAC-CA-3′; antisense primer: 5′-TCTAGATCACTTCCCGGA-GAAGAGGTCATC-3′). RT-PCR of Tupaia CD81 mRNA was performed on cellular Tupaia RNA as described above, except that the PCR annealing temperature was 60°C. Tupaia CD81 PCR products were purified with the QIAquick PCR purification kit (QIAGEN GmbH) and cloned into plasmid pCR-XL-TOPO (Invitrogen BV). Five clones of the resulting plasmid (pXLTCD81EC2.1-5) were analyzed by automated sequencing (ABI 3700, Applied Biosystems Inc., Weiterstadt, Germany) using CD81-specific primers. For the analysis of CD81 expression, HuH-7 cells and Tupaia and rat hepatocytes were lysed in a buffer containing 50 mM Tris-HCl, 1% NP-40, 50 mM NaCl, and 5 mM EDTA, pH 7.4. After low-speed centrifugation, lysates were subjected to SDS-PAGE under nonreducing conditions on a 12% polyacrylamide gel. Proteins were detected by immunoblot using mouse monoclonal anti-CD81 antibody (1D6; dilution 1:1,000 in PBS containing 1% Tween 20 and 1% BSA). Expression of CD81 in freshly isolated Tupaia hepatocytes was analyzed by FACS using anti-CD81 antibodies (5A6 and 1D6; 10 µg/ml) and phycoerythrin-conjugated (PE-conjugated) anti-mouse IgG antibody (10 µg/ml; Jackson ImmunoResearch Laboratories Inc.) as described recently (10) . For the analysis of CD81-dependent viral entry, Tupaia hepatocytes were incubated with anti-CD81 (5A6 and 1D6) under saturating conditions (10 µg/ml) at 37°C for 1 hour (10). Subsequently, the cells were infected by the addition of serum as described above. Six hours later, the medium containing serum and anti-CD81 antibodies was removed, and the cells were cultured and processed as described above.
Binding of recombinant E2 to primary Tupaia hepatocytes. Binding of recombinant E2 to Tupaia hepatocytes was performed as described recently for MOLT-4 cells (36) (37) (38) . Primary rat hepatocytes and human hepatoma HuH-7 cells served as negative and positive controls, respectively. Freshly isolated hepatocytes (from rat or Tupaia) or human hepatoma HuH-7 cells (10 6 cells per assay) were incubated with recombinant E2 protein in PBS (final volume 200 µl) at various concentrations for 1 hour at 4°C. Nonbound E2 protein was removed by three centrifugations in PBS at 200 g for 5 minutes at 4°C. Hepatocytes were subsequently incubated for 30 minutes at 4°C with anti-E2 (3E5) or mouse monoclonal isotype control antibody. The cells were washed four times in PBS at 4°C, suspended in 200 µl PBS, and incubated with PE-conjugated anti-mouse IgG antibody (Dianova AB, Hamburg, Germany). After removing unbound antibodies by a final washing (four times in PBS), cell-bound fluorescence was analyzed with a FACScan flow cytometer using Lysys II software (Becton Dickinson Immunocytometry Systems). Lysys II produces histograms of each sample and calculates the mean fluorescence intensity (MFI) of the cell population, which directly relates to the surface density of PE-labeled E2 bound to hepatocytes (36) . MFI values of cells with or without bound E2 protein, and with isotype control antibody or anti-E2, are compared. The threshold for positivity is set for each experiment by flow cytometric
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Figure 1
(a) HCV infection of primary Tupaia hepatocytes. Primary Tupaia hepatocytes were incubated with 50 µl HCV RNA-positive serum 1 day after plating. At various timepoints after plating (days 0-7, as indicated), hepatocyte RNA was isolated, and positive-strand HCV RNA was analyzed by strand-specific RT-PCR using HCV-specific primers as described in Methods. The negative control (NC) consisted of primary Tupaia hepatocytes incubated with HCV-negative control serum harvested and analyzed on day 0 (day of incubation). To control for RNA integrity, cellular Tupaia β-actin mRNA was amplified by RT-PCR as described in Methods. The detection limit of the RT-PCR (25 cycles) was approximately 10 3 GEs/assay. (b) Lack of HCV infection in primary rat hepatocytes. Primary rat hepatocytes were incubated with the same HCV RNA-positive serum described in a, and HCV RNA was analyzed as described above. To control for RNA integrity, cellular rat β-actin mRNA was amplified by RT-PCR. The detection limit of the RT-PCR was approximately 10 3 GEs/assay when 25 cycles were used, and increased to approximately 10 2 GEs/assay when 35 cycles were used. (c) Quantitative analysis of HCV RNA synthesis in primary Tupaia and rat hepatocytes. Primary Tupaia and rat hepatocytes were incubated with HCV RNA-positive serum as described above. At various timepoints, positive-strand HCV RNA was quantified using the Amplicor HCV Monitor assay from Roche Diagnostic Corp. Cellular and medium HCV RNA levels are indicated as GEs/ml of hepatocyte lysate and medium. The detection limit of this assay was 2 × 10 3 GEs/ml.
analysis of hepatocytes without E2 protein, that have been incubated with anti-E2 and PE-conjugated secondary antibody (36) . To study whether binding of E2 can be blocked by recombinant soluble CD81-LEL (expressed as glutathione-S-transferase fusion protein), E2 (10 µg/ml) was preincubated with CD81-LEL (50 µg/ml for 1 hour at 25°C; E2 binding to cell lines was assessed by FACS as described above. To assess whether binding could be blocked by anti-CD81, hepatocytes were incubated for 1 hour at 25°C with anti-CD81 (5A6 and 1D6) at 10 µg/ml (a concentration previously shown to saturate CD81), prior to the addition of E2. E2 binding in the presence of anti-CD81 was detected using a biotinylated anti-E2 antibody and streptavidin-PE.
Results

Infection of primary Tupaia hepatocytes with serum-derived HCV.
To study whether primary Tupaia hepatocytes can be infected with serum-derived HCV, hepatocytes were incubated with serum from individuals chronically infected with HCV. Analysis of HCV RNA in primary Tupaia hepatocytes by strand-specific RT-PCR, using HCV-specific primers, demonstrated a time-dependent increase of HCV RNA after incubation of cells with HCV-positive serum, indicating successful infection of the hepatocytes (Figure 1a) . Quantitation of hepatocyte-derived HCV RNA using a commercially available HCV RNA detection assay ( Figure 1c ) revealed a timedependent increase of HCV RNA levels, from less than 2 × 10 3 genomic equivalents (GEs) per 10 5 hepatocytes on days 1 and 3, to approximately 10 4 -10 5 GEs per 10 5 hepatocytes on days 5 and 7 after incubation. HCV RNA could be detected until day 14 after plating. The rapid decline in hepatocyte viability 14 days after plating precluded a meaningful analysis of HCV RNA at later timepoints. Hepatocytes were susceptible to infection until day 5 after plating. In addition to the de novo synthesis of positive-strand RNA ( Figure 1 , a and c), infection and replication of HCV in primary Tupaia hepatocytes could be confirmed by detection of negative-strand RNA in hepatocytes (see Figure 2 and Figure 7) . Beginning on day 5 after incubation, HCV RNA was detected in culture medium (Figure 1c ), indicating secretion of viral particles. HCV RNA in medium reached levels of up to 10 4 GEs/ml. If the newly synthesized HCV RNA was from replicating virus, RNAs should be packaged in enveloped virions and resistant to degradation by ribonuclease. Indeed, HCV RNA in hepatocytes and medium was resistant to ribonuclease under conditions that completely degraded in vitro synthesized naked RNA (data not shown). Virus could be passaged to uninfected primary Tupaia hepatocytes ( Figure 2, a and b ). Viral passage was demonstrated by the detection of positive-and negative-strand HCV RNA using two independent RT-PCR methods, as well as analysis of viral quasispecies evolution. Enrichment of virus from cell culture supernatants and the use of freshly prepared hepatocytes were crucial for successful viral passage.
To study the evolution of viral infection in Tupaia hepatocytes, we assessed viral quasispecies in hepatocytes infected with plasma H77 7-12-77. H77 quasispecies evolution has been characterized in detail in humans and chimpanzees (13-15, 30, 39) . Sequence analysis of the HCV E2 HVR-1 of the H77 genome in the inoculum and in Tupaia hepatocytes before and after viral passage revealed a marked difference in HCV quasispecies (Figure 3, a-c 7) and negative-strand HCV RNA (lanes 2 and 8). On day 5 after infection, medium was transferred to naive hepatocytes, and infection was assessed 5 days later as described above. (b) Serial passage. Primary Tupaia hepatocytes were infected with serum 3 as described above. On day 5 after infection, medium was transferred to naive hepatocytes from a separate preparation (first passage). Eight days later, medium was used to infect a third preparation of hepatocytes (second passage).
Infection of hepatocytes was assessed as described above.
infected Tupaia hepatocytes (Figure 3b ) demonstrated an increase of H77C consensus sequence genomes (to 62.2% of total clones), and a complete disappearance of the second predominant population present in H77 7-12-77 plasma. Following viral passage, a novel population of viral genomes containing a C-to-T mutation at nt 1502 emerged in 7 of 39 clones (Figure 3c ). These data are consistent with selection of specific viral genomes and generation of novel mutations in HCV-infected hepatocytes. Infection was dependent on specific inocula and required a minimal virus dose. Only 6 of 14 serum samples from HCV infected patients resulted in infection of Tupaia hepatocytes. HCV viral load, genotype, and anti-HCV antibody profile were not significantly different (P > 0.05) between infectious and noninfectious sera ( Table 1) . Coincubation of infectious and noninfectious serum resulted in successful infection of Tupaia hepatocytes. This observation indicates that antibodies from noninfectious sera did not inhibit cellular entry of virus from infectious sera. Purification of noninfectious sera by gradient ultracentrifugation (22, 25) did not result in these sera becoming infectious. Serial dilution of six different infectious HCV sera, with subsequent analysis of HCV infection, revealed minimal infectious doses between 2 × 10 4 and 2 × 10 5 GEs per 5 × 10 5 hepatocytes (Table 1) . These doses correspond to a multiplicity of infection (moi) of 0.04-0.4. The presence or absence of infection was reproduced in Tupaia hepatocyte preparations from at least three different animals, indicating that the difference in serum infectivity appeared to depend primarily on viral factors. Using specific sera and cell culture
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The conditions (cell viability > 90%), HCV infection of Tupaia hepatocytes was highly reproducible. To make certain that HCV RNA detected in Tupaia hepatocytes does not represent residual input virus, primary rat hepatocytes were incubated using the same infectious HCV serum and conditions summarized in Figure 1 . In contrast to the results obtained using Tupaia hepatocytes, incubation of primary rat hepatocytes did not reveal any evidence of HCV infection. Serial analysis of HCV RNA in similarly incubated rat hepatocytes did not show any detectable HCV RNA ( Figure  1b, upper panel) . By increasing the detection limit using more sensitive RT-PCR conditions, a low-level signal corresponding to HCV RNA could be detected on the day of incubation and on days 1 and 3 after infection. These signals most likely correspond to input HCV RNA nonspecifically bound to hepatocytes. In contrast to de novo HCV RNA synthesis in primary Tupaia hepatocytes, no HCV RNA could be detected beyond day 3, indicating a lack of viral RNA synthesis and HCV infection in rat hepatocytes. These findings were confirmed by quantitative RT-PCR of HCV RNA (Figure 1c) .
De novo synthesis of viral proteins during HCV infection.
To study viral protein expression in infected Tupaia hepatocytes, infected cells were stained with anti-HCV antibodies. A previously characterized pool of human serum containing high-titer anti-HCV antibodies (24, 25) was used to identify newly synthesized HCV proteins in primary Tupaia hepatocytes. Prior to the analysis of HCV protein expression, the serum pool containing anti-HCV antibodies was preabsorbed on naive primary Tupaia hepatocytes, to remove antibodies binding nonspecifically to the hepatocytes. The specificity of the anti-HCV antibodies present in the serum pool was then confirmed by immunofluorescence of primary Tupaia hepatocytes that had been transfected with a cDNA for HCV structural proteins (Figure 4, a-d) , and by inhibition of anti-HCV immunoreactivity using HCV recombinant proteins (Figure 4h) . Analysis of HCV proteins in infected primary Tupaia hepatocytes demonstrated a time-dependent increase in HCV protein expression (Figure 4 , e and f) that was confined to the cytoplasm (Figure 4, f and g ). Staining was positive in only 1-5% of Tupaia hepatocytes, indicating that only a small fraction of hepatocytes synthesize detectable levels of HCV proteins. A strong inhibition of HCV immunoreactivity could be achieved by neutralization of antibodies using HCV recombinant proteins prior to immunofluorescence (Figure 4h ). Monoclonal antibodies were less sensitive for the detection of HCV proteins than were anti-HCV antibodies in sera from HCVinfected individuals. Low-level staining was observed using two monoclonal antibodies directed against HCV core and NS3 proteins (data not shown). Viral protein expression could not be detected by immunoblot. Under light microscopy, HCV-infected primary Tupaia hepatocytes did not show any cytopathic changes compared with control hepatocytes incubated with HCV-negative serum.
Isolation and characterization of Tupaia CD81. To assess CD81-dependent viral entry into Tupaia hepatocytes, we identified and characterized Tupaia CD81. The LEL of CD81 has been shown to interact specifically with the HCV E2 protein (9, 10), and CD81 has been proposed as an HCV receptor candidate that mediates viral entry (10). E2-CD81 interaction can be blocked by monoclonal anti-CD81 antibodies and soluble CD81-LEL fusion proteins (10, 27, 38) . To study whether primary Tupaia hepatocytes express CD81, lysates of primary Tupaia hepatocytes were subjected to SDS-PAGE and immunoblot using monoclonal anti-human CD81 antibodies. Monoclonal anti-human CD81 antibodies 5A6 and 1D6 specifically detected CD81 as a 26-kDa protein in Tupaia hepatocytes and in the human hepatoma cell line HuH-7 (Figure 5a ). FACS analysis revealed strong expression of CD81 on the cell surface of freshly isolated Tupaia hepatocytes (Figure 5b ). CD81 saturation was achieved at concentrations similar to those described recently for human cell lines. By contrast, anti-human CD81 antibodies did not show any interaction with rat hepatocyte CD81 (Figure 5a ). To analyze Tupaia CD81 primary structure, CD81 cDNA was cloned from Tupaia hepato- cyte mRNA using human CD81-specific primers. Sequence analysis revealed a strong homology between human and Tupaia CD81, with six amino acid changes in each of their LEL domains (Figure 5c ).
Binding of HCV glycoprotein E2 to Tupaia hepatocytes.
To analyze whether Tupaia hepatocytes interact with E2, binding of recombinant E2 protein to freshly isolated hepatocytes was analyzed by FACS (Figure 6a ). Recombinant E2 protein, previously shown to interact with human lymphoma cells (36, 37) , did bind to freshly isolated Tupaia hepatocytes. Binding was dose-dependent and saturable, reaching a plateau at an E2 concentration of approximately 50 µg/ml (Figure 6b ). Binding of E2 to primary Tupaia hepatocytes was then compared with binding to human hepatoma cells and rat hepatocytes. While human hepatoma cells exhibited an E2 binding profile similar to that of primary Tupaia hepatocytes, primary rat hepatocytes did not demonstrate saturable E2 binding ( Figure 6, a and b) . E2 binding to primary Tupaia hepatocytes could not be blocked by anti-CD81 antibodies or soluble CD81-LEL fusion proteins ( Figure 6, c  and d) . In contrast, coincubation of E2 with soluble CD81-LEL fusion proteins resulted in a partial (for African green monkey CD81) or almost complete (for human CD81) inhibition of E2 binding to MOLT-4 lymphoma cells (Figure 6e ). These data indicate that binding of E2 to hepatocytes is CD81-independent.
HCV infection and CD81. To study whether HCV infection of primary Tupaia hepatocytes was mediated by the LEL of CD81, HCV infection was analyzed in the presence of anti-CD81 antibodies and soluble CD81-LEL. Monoclonal anti-human CD81 antibodies binding to Tupaia CD81 were not able to block viral infection of Tupaia hepatocytes at concentrations recently shown to inhibit E2 binding to target cells (Figure 7a ). The functional properties of the antibodies had been assessed by their ability to bind Tupaia hepatocyte CD81 (Figure 5b) . Furthermore, HCV infection was observed in the presence of soluble CD81-LEL (Figure 7b ). To confirm that soluble fusion proteins were functionally intact, we had studied their ability to block binding of recombinant E2 to MOLT-4 lymphoma cells (Figure 6e ), as described previously (9, 10, 37) . Taken together, these findings indicate that viral entry of HCV into primary Tupaia hepatocytes appears to be independent of CD81, and suggest that HCV may use a receptor (or receptors) other than CD81 for viral entry.
Discussion
In this study we demonstrate that primary Tupaia hepatocytes are susceptible to HCV infection. Infection is demonstrated by several lines of evidence: (a) a timedependent, de novo synthesis of HCV RNA in hepatocytes incubated with HCV serum, detected by two independent methods using three sets of HCV-specific primers; (b) detection of negative-strand HCV RNA in infected hepatocytes, using a highly strand-specific RT-PCR method; (c) detection of newly synthesized HCV RNA in culture medium; (d) nuclease resistance of viral RNA in medium, and hepatocytes indicating packaging of newly synthesized HCV RNA into viral particles; (e) formation of new viral genomes during infection, as demonstrated by comparative analysis of viral quasispecies in serum and infected hepatocytes; (f) de novo synthesis of HCV proteins in infected Tupaia hepatocytes; and (g) passage of HCV from infected to naive hepatocytes.
In contrast, no evidence for HCV infection of primary rat hepatocytes was observed, applying the same crite-
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The (e-h) Immunofluorescence of infected Tupaia hepatocytes. For HCV infection, primary Tupaia hepatocytes were incubated with HCV RNA-positive serum 1 day after plating. On days 1 (e) and 5 (f and g) after infection, viral protein expression was analyzed by immunofluorescence using anti-HCV-specific antibodies as described above. Staining was positive in 1-5% of Tupaia hepatocytes (f and g). Anti-HCV immunoreactivity (g) could be inhibited by incubation of anti-HCV antibodies with recombinant HCV proteins prior to use in immunofluorescence (h). Magnification: ×40 (a-f) and ×10 (g and h).
ria for infection. Similar to in vivo findings in humans, HCV replication required the use of highly sensitive methods, such as RT-PCR and immunofluorescence, for the detection of viral RNA and proteins. HCV RNA detected in cell culture medium was nuclease-resistant, indicating the presence of packaged viral RNA, consistent with the presence of HCV virions. HCV RNA levels in culture medium reached levels of up to 10 4 GEs/ml, which is similar to reported HCV RNA serum levels in Tupaia in vivo (1 × 10 4 to 3.5 × 10 5 GEs/ml). Under optimal cell culture conditions, HCV could be passaged (Figure 2 and Figure 3) , indicating the production of infectious virus in primary Tupaia hepatocytes. Hepatocytes did not show any cytopathic changes, compared with control hepatocytes, at the light microscopy level. Electron microscopy revealed the presence of putative viral structures in infected Tupaia hepatocytes (data not shown). However, at the present time, the identification of these structures as HCV virions is impaired by the lack of well-defined, reproducible positive control virions from infected human or chimpanzee samples, and by the low abundance of particles in infected cells. Studies are underway to characterize these structures by immunogold affinity antibody labeling.
Analysis of HCV quasispecies in Tupaia hepatocytes infected with a well-characterized serum (13, 15, 30) revealed a selection of genomes consisting of H77C consensus sequence (15) . These data suggest that clones of H77C consensus recently shown to be infectious in chimpanzees (15) may have the ability to replicate in primary Tupaia hepatocytes. Indeed, preliminary studies in our laboratory have indicated evidence for replication of transfected full-length H77C HCV RNA (40) . Following viral passage, a defined minority population containing a novel HVR-1 mutation could be detected (Figure 3 ). These data are consistent with recent longitudinal analyses of H77 quasispecies evolution in humans and chimpanzees demonstrating time-dependent development of new mutations (30, 39) .
Both virus-and host-specific factors may be important for successful HCV infection in Tupaia in vitro and in vivo. Infection of hepatocytes appeared to be dependent on defined inocula, and required a minimal infectious dose (Table 1) . Since only one sample (H77 7-12-77) was tested for infectivity in chimpanzees (13, 15), we do not know whether infectivity of Tupaia hepatocytes correlates with infectivity in chimpanzees. Infectivity of HCV serum samples was not associated with genotype or HCV antibody profile (Table 1) . There was no correlation between infectivity and the absence or presence of antibodies against the envelope proteins (Table 1) . Noninfectious HCV RNA-positive sera did not inhibit entry of virus present in infectious sera, and purification of virus from noninfectious sera using gradient centrifugation (22, 25) did not result in these sera becoming infectious. These observations indicate that viral entry and infection appear not to be inhibited by antibodies or other factors present in noninfectious sera. Our data suggest that in fact only certain Analysis of CD81 expressed on the surface of freshly isolated Tupaia hepatocytes. Tupaia hepatocytes (10 6 cells) were incubated with anti-CD81 or isotype control antibody (10 µg/ml). Staining and flow cytometry were performed as described in Methods. X axis and y axis show mean fluorescence intensity and relative number of stained cells, respectively. (c) Alignment of amino acid sequences of human, chimpanzee, Tupaia, tamarin, African green monkey, and rat LEL domain of CD81. Tupaia CD81-LEL cDNA was cloned and sequenced as described in Methods. CD81-LEL amino acid sequences of other species are depicted according to previous reports (11, 48) .
HCV isolates have the ability to infect and replicate in Tupaia hepatocytes. Recent studies resulting in the isolation of infectious full-length or replication-competent subgenomic HCV RNA have demonstrated that only certain HCV RNAs are infectious in vivo (14, 15) or are able to replicate in hepatoma cells (12, 41) . Isolate-specific viral factors may include a specific virus envelope protein structure that allows efficient viral entry into Tupaia hepatocytes, or structural or regulatory features of the viral replicative complex that allow efficient viral replication. This hypothesis is corroborated by the results of viral quasispecies analysis in infected cells that demonstrate a selection of certain variants and the suppression of others following viral infection (Figure 3 ). Further characterization of the infectious isolates may allow development of Tupaia-tropic inocula. The detailed analysis of intracellular HCV RNA after successful infection and passage may result in the isolation of full-length HCV RNA that efficiently replicates in primary Tupaia hepatocytes.
Furthermore, the results of our study may be helpful for the development of Tupaia as an in vivo model for HCV infection. In vivo HCV infection of Tupaia has been described as transient with low viral levels, and occurred in only some of the inoculated animals (16) . Our findings in primary Tupaia hepatocytes suggest that the use of Tupaia as an in vivo model could depend on the selection of Tupaia-tropic HCV strains.
Several in vitro models for the study of HCV infection have been proposed. These models include primary hepatocytes from humans (42) or chimpanzees (31), human biliary epithelial cells (43) , and human lymphocytic cell lines (44) . Limitations of these models are the very low level of HCV replication, requiring the use of ultrasensitive nested RT-PCR methods, and the variable quality of host cells, such as human hepatocytes obtained from surgical specimens. In contrast to other reported human cell culture models, viral replication in primary Tupaia hepatocytes reached levels that could be easily and reproducibly detected by using a strand-specific RT-PCR requiring only one step of cDNA amplification. Since Tupaia can be adapted to a laboratory environment and bred in captivity, primary hepatocytes can be isolated under elective, optimal experimental conditions, resulting in the availability of high-quality hepatocytes.
To gain novel insight into the biology of HCV infection, we studied the functional role of the recently discovered HCV E2-binding molecule CD81 in the establishment of viral infection. CD81 is a member of the tetraspanin family, and has been shown to play an important role in signal transduction and adhesion in the immune
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Figure 6
Binding of E2 system (11) . The LEL of CD81 has been shown to interact specifically with HCV E2 protein (9, 10), suggesting a potential role of CD81 as an HCV receptor candidate. CD81-E2 interaction may play an important role in lymphocyte activation (45) . Our studies demonstrate that Tupaia and human CD81 both exhibit a high degree of homology at the amino acid level in the E2-binding domain of h CD81-LEL. This finding is consistent with the close genetic relationship between the two species. Tupaia CD81 exhibited a total of six amino acid changes in the LEL domain. In contrast to African green monkey CD81, which exhibits a mutation at amino acid position 186 (F to L) that reduces E2 binding (27, 38) (Figure 5) , amino acid 186 was preserved in Tupaia CD81.
Monoclonal anti-human CD81 antibodies showed strong binding to Tupaia CD81 in immunoblots and flow cytometry. Binding of monoclonal anti-CD81 antibody 1D6 to Tupaia CD81 is of particular interest, since this antibody has been used to map the minimal epitope required for CD81-E2 interaction by applying its property to block this interaction (27) .
Our data indicate that recombinant E2 binds to Tupaia hepatocytes, but not to rat hepatocytes ( Figure 6 ). Binding reached a plateau at an E2 concentration of approximately 50 µg/ml. Although data are available for binding of E2 to various cell lines (10, 36) , no data have been published on E2 binding to primary human hepatocytes. Only one study has demonstrated indirect evidence that E2 may interact with hepatocytes present in fixed liver tissue sections from surgical specimens (38) . In conjunction with the observation that Tupaia hepatocytes are susceptible to HCV infection, our results are consistent with the hypothesis that the interaction of E2 protein with the hepatocyte membrane may be important for viral entry (36) . Furthermore, our data suggest that primary Tupaia hepatocytes may serve as a model to study binding of HCV E2 protein.
Although both of the anti-CD81 antibodies used in this study interact strongly with Tupaia CD81, and have been shown to inhibit interaction of E2 with CD81 (10, 27, 46) , these antibodies failed to block both cellular binding of E2 and HCV infection of Tupaia hepatocytes under CD81-saturating conditions. Furthermore, soluble CD81 did not block E2 binding or inhibit HCV infection at concentrations shown to inhibit E2 binding to MOLT-4 lymphoma cells ( Figure 6 ). These results indicate that both cellular binding of E2 and HCV infection of Tupaia hepatocytes seem to be CD81-independent. Our data suggest that HCV may use an additional receptor or receptors for viral attachment and entry.
Our findings are corroborated by recent observations providing indirect evidence for the lack of CD81 as a receptor mediating viral entry: (a) the molecule is expressed ubiquitously on the surface of various cell types, not limited to HCV-susceptible cells (11) ; (b) binding of sucrose gradient-purified virions from HCVinfected individuals to lymphoma cells and foreskin fibroblasts does not require HCV-CD81 interaction (47); and (c) binding of E2 to CD81 in various species does not predict susceptibility to HCV infection (48, 49) .
In summary, our study demonstrates that primary Tupaia hepatocytes can be infected with HCV independently of CD81. This hepatocyte-based cell culture model should be useful for study of important steps of the viral life cycle, including the assessment of HCV receptor candidates and virus neutralization.
Figure 7
HCV infection of primary Tupaia hepatocytes in the presence of anti-CD81 and soluble CD81-LEL. (a) Hepatocytes were incubated with anti-CD81 antibodies (5A6 and 1D6) at saturating conditions (10 µg/ml) or with control antibody (anti-LacZ, 10 µg/ml) 1 hour prior to the addition of HCV serum as described in Methods. HCV infection was determined by RT-PCR of cellular positive-and negativestrand HCV RNA on day 5 after incubation with RNA-positive serum HCV of genotypes 1a (50 µl, moi 0.2, lanes 3-5) and 1b (50 µl, moi 0.1, lanes 9-11) as described above. Strand specificity of RT-PCR was assessed by RT-PCR of 10 fg of in vitro-synthesized positive-(lanes 1 and 7) and negative-strand HCV RNA (lanes 2 and 8). (b) Serumderived HCV was mixed with PBS (lanes 3 and 9), soluble CD81-LEL derived from African green monkey (AGM) (50 µg/ml; lanes 4 and 10), or human CD81-LEL (50 µg/ml; lanes 5 and 11), and incubated for 1 hour in PBS. Subsequently, HCV-CD81 complexes were added to the hepatocytes as described in Methods. Infection of hepatocytes was assessed as described above.
